Dispersive nearly free electron (NFE) states on material surfaces have drawn persistent interest in the past years, due to the remarkable electron transport properties and potential applications in electron emitters. [1] [2] [3] [4] [5] [6] [7] NFE states are usually unoccupied states, with typically parabolic energy dispersion characterized by an effective mass nearly identical to the free electron mass (me), [8] [9] [10] and widely exist on low-dimensional materials due to the confinement potential normal to the surface, such as twodimensional (2D) graphite, 11, 12 graphene, 13 transition-metal dichalcogenides, 14 onedimensional (1D) nanoribbons and nanotubes, 15, 16 and even zero-dimensional C60 molecules. 3, 17 Moreover, these NFE states are usually extended in the vacuum region above the material surfaces rather than reside at the basal plane, which however limits their influences on the transport properties. To our best knowledge, the NFE states inside a material have not been reported.
Recently, a new 2D material from group-III element boron, named as borophene, has been experimentally realized. Borophene possesses intriguing electronic and mechanical properties that are attractive for potential applications in nanodevices. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Due to the electronic deficiency, boron can form both classical covalent bonds and a variety of multicenter bonds. The multicenter bonds not only compensate the electronic deficiency of boron, but also result in a structural diversity of borophene, 31, 32, 33, 34, 35 which was predicted by density functional theory (DFT) calculations, 36 and then verified by experimental observations of different phases on Ag(111), 18, 19, 37 Ag(110), 38 Al(111), 22 and recently on Cu(111) surfaces, 39 indicating highly similar thermal stability of these phases. It is interesting that except the honeycomb borophene phase on Al(111), all other borophene phases reported so far adopt striped structures, whose building blocks are ribbons of triangular lattices separated by single rows of hollow hexagons (HH). Based on various widths of ribbons, these striped borophene structures can be indexed as (m, n), where m, n denote the number of atoms in the narrowest and widest regions of a single boron ribbon, respectively (shown in Figure 1f ). 38 The coexistence of these borophene phases suggests that one can construct in-plane homojunctions of borophene by intermixing ribbons with different widths, which was also experimentally observed recently. 40 Such homojunction structures combined with the metallicity of borophene may lead to exotic electronic behaviors.
Here we report on the investigations of a borophene homojunction on Ag(111), which is comprised of two (2,3) domains (i.e. the v1/6 34 The first principles calculations were performed within the framework of density functional theory with generalized gradient approximation (GGA) of the PerdewBurke-Ernzerhof (PBE) functional, 41 as implemented in the Vienna Ab initio Simulation Package (VASP). 42, 43 Firstly, the structural relaxation is applied on intermixing borophene superlattice with 19 ribbons of (2,3) phase and 2 ribbons of (2, 3) phase boron on the Ag(111) substrate with three-layer thickness, as shown in Figure   S1a ) in the Supporting Information. The fully optimized lattice parameters are a0 = 105.08 Å, b0 = 2.89 Å, with periodic boundary condition at these two directions. The side view of borophene film is flat, indicating a weak hybridization between borophene and Ag(111) surface, and thus representing a quasi-freestanding sheet. Hence, in order to reduce the computational cost, the Ag(111) surface is omitted in the DFT calculation of electrical properties. Unless specified otherwise, the corresponding properties we referred to are calculated by freestanding borophene with line defect (in Figure S1b) ).
A vacuum space of 20 Å was set to eliminate spurious interaction between two borophene sheet in adjacent periodic images. The core electron-ion interaction was described by the projector augmented wave (PAW) potential, 44 and the plane-wave basis set cutoff energy was set to be 450 eV. The Brillouin zone integration was sampled using 2×4×1 k points for the structural optimization and 20 k points for band structure calculations. The atomic positions were optimized until the maximum force on each atom was less than 0.01 eV/Å.
Results and Discussions.
Borophene grown on Ag(111) with substrate temperature around 570 K usually exhibits the (2,3) phase, i.e. the v1/6 or 12 sheet. Note that the contrast of the boundary region in STM image highly depends on the bias, indicating that there are specific electronic states around the boundary. We performed STS measurements around the boundary. has position-independent intensity, corresponding to an intrinsic electronic band of the borophene (2,3) phase, which has also been reported before. [18] On the contrary, the The line defect is solely responsible for the appearance of this state, since the state will disappear once the line defect is removed in our calculations.
To explore the nature of this specific state, we plotted in Figure 3a With this mechanism, we conceive to deepen the potential well to shift the NFE state closer to the Fermi level, so that this state can take part in charge transport.
Considering their spatial distribution, the electron transport via the NFE states can be directly modulated by variations in physical environments. Extensive calculations show that applying a 2% in-plane strain perpendicular to the line defect gives rise to a deeper potential well and thus make the NFE state located only slightly above the Fermi level.
Conclusion. In summary, we have realized the formation of a borophene sheet with line defects, formed by a structural unit of the (2,2) phase in the otherwise perfect (2, 3) phase and observed for the first time highly delocalized, one-dimensional NFE states in the sheet using scanning tunneling microscopy/spectroscopy (STM/STS) characterizations. The characteristics and spatial distribution of the unoccupied NFE states were excellently reproduced by first principles calculations and the physical origin is elucidated. The rise of NFE state near the line defect in borophene is a unique feature apart from the metallic characteristic of borophene. Since the NFE states is unusually held to the atomic plane of borophene, and has a 1D feature, it may be applicable to tune the transport and electron emission properties of borophene-based devices. 
